Melt ejection is the dominant material removal mechanism in long, ms, pulse laser drilling of metals, a process with applications such as the drilling of cooling holes in turbine blades. Droplets of molten material are ejected through the entrance hole and, after breakthrough, through the exit hole. High speed filming is used to study the ejected material in order to better understand how this debris may interact with material in the immediate vicinity of the drilled hole. Existing studies have quantified various aspects of melt ejection, however they usually focus on ejection through the entrance hole. This work concentrates on rear melt ejection and is relevant to issues such as rear wall impingement. A 2kW IPG 200S fibre laser is used to drill mild steel. High speed filming is combined with image analysis to characterise the rearward-ejected material. Particle size and velocity data is presented as a function of drilling parameters. It is concluded that high speed filming combined with image analysis and proper consideration of process limitations and optimisation strategies can be a powerful tool in understanding resultant debris distributions.
Introduction
Laser drilling is a contactless process that is capable of generating fine holes in traditionally hard to machine materials. Laser drilling encompasses a wide range of lasers, hole sizes, techniques and materials. Several different material removal mechanisms may occur depending on the specific combination of laser parameters and materials used [1] . Of interest to this study, is the laser drilling of holes which are micrometres in diameter, through different metals that measure millimetres in thickness -this is similar to the process which is used to drill cooling holes in turbine blades [2, 3] . These holes are typically drilled using laser pulses with length of the order of milliseconds; where material removal is dominated by melt ejection [2] [3] [4] . In this process, absorption of the laser beam by the top surface of the material generates a melt pool; continued laser irradiation then leads to further heating and vaporization of the surface. The recoil pressure generated by vaporization pushes down on the melt pool. This results in the molten material moving first radially outwards and then upwards before being ejected out of the hole, driven by the combined actions of the recoil pressure and the pressure generated by the assist gas. This melt ejection process allows for a rapid advance of the melt front into the material. The hole depth increases as molten material continues to be generated and driven from ahead of the interaction zone [5] . Efficient melt ejection is important for the quality of the hole. Incomplete ejection of melt results in large heat affected zones and the presence of resolidified material within the hole, which can lead to cracking [6] as well as introducing hole to hole dimensional variation. As the hole deepens, material is ejected upward, back through the entrance hole. On breakthrough material removal can also occur through the rear, exit, hole. When drilling into a cavity, such as found inside a turbine blade [7] , the spread and adhesion of rear ejected material is of interest.
Observation of characteristics including the extent, direction, timing and droplet size of melt ejection, and how these vary with laser parameters; can provide useful information for process optimisation and further insight into the laser drilling process.
Various filming techniques have been used to obtain time resolved data from melt ejection. Cameras have previously been used to determine breakthrough times in pulsed drilling [7, 8] . Schlieren diagnostics have shown that the assist gas jet may drive some ejected material back into the hole [6] . Streak photography carried out by Yilbas in 1995 revealed time dependent behaviour of melt ejection [9] . French et al. [3] used a 40 kHz high speed camera to study Nd:YAG drilling of a 3mm Ni super-alloy with pulses of up to 1ms in length. They reported an initial conical sheet ejection of melt with velocities of 30 -34 ms -1 . This was followed by ribbon like ejection and finally by ejection of discrete droplets at 9 -17 ms -1 . Obata et al. [10] used a combination of modelling and high speed filming with a 210 kHz frame rate to investigate material removal in CO 2 drilling of vias in copper on printed wiring boards and determined particle ejection velocities of the order of 1 -6 ms -1 . Okamoto et al. [11] applied 3D particle tracking methods to images gained from two high speed cameras to study the ejection velocity and angle in 0.2 ms Nd:YAG drilling of 150 µm thick stainless steel. For these conditions initial velocities ranging from 75 to 200 ms -1 were observed, with the angle of ejection typically being between 0 and 30⁰ from the work piece surface. No particle size data was reported.
Low et al. [12] used various experimental techniques including high speed filming to study the effect of pulse train modulation on melt ejection. Use of a pulse train, with each pulse increasing in intensity increased the proportion of material ejection through the rear hole.
The combination of high-speed filming and automated image analysis techniques has the potential to collect a vast amount of time resolved numerical data. One aspect of this is the digital particle image velocimetry method which has been successfully applied in a number of fields [13, 14] . Continuous improvement in the availability of computing power and user friendly image analysis tools such as Matlab are largely responsible for the expansion of interest in this area.
This work combines the use of high-speed filming and image analysis, demonstrating its use in the study of rear melt ejection in the laser drilling of mild steel.
Experimental Methods
Tests were carried out on a 60 x 60 x 1mm mild steel sheet, using a vertically incident Nd:YAG 2kW IPG fibre laser, λ = 1070 nm. A 200 µm diameter fibre delivered the beam to aYK52 cutting head, with a125 mm collimation length and a 120 mm focal length lens. The laser was focussed on the top surface of the sample, with a 200µm spot size. Nitrogen assist gas supplied co-axially with the laser beam.
High-speed videos were recorded at a range of powers: 500 W, 1000 W, 1250 W, and 1500 W. All work reported here was done using single, 10 ms pulses.
Two image analysis techniques were used; the first method used was streak analysis; the videos for this were taken using an IDT full colour camera that was capable of recording images at 500 fps. However, this was only done with an assist gas of 2bar nitrogen with powers 500W, 1000W, 1250W and 1500W.
The second method used was a particle tracking method. The videos for this were recorded using a Vision Research Phantom V12.1 camera, capable of taking 1280x800 images at 6200fps. A 60mm lens was used with an exposure time of 4µs.
Both cameras were mounted, in the same place, perpendicularly to the laser beam in order to analyse rear ejection, as shown in figure 1 . The material and laser were positioned in such a way that no upward ejection could interfere with the rear ejection in the images. The cameras were triggered using an imagebased auto trigger. This allowed the cameras to start recording as soon as breakthrough was detected (due to an increase of brightness in the image).
Image Analysis and Processing

Streak Analysis Technique
Both ends of each streak that is fully visible within the frame are then located by manually clicking on them. This produces co-ordinates of the start and end points of each streak. Together with a calibration factor this enables the distance moved by each particle to be determined. The calibration factor is simply determined by reference image taken using the same camera set up, graph paper was used for this work. The time the particles moved for is the inverse of the frame rate, this is used to determine the particle velocities.
Particle Tracking Technique
Matlab was used to create a particle tracking program. The first stage is again to crop the images and remove the background by taking a median of all of the images to reduce noise. Six frames are then selected from the video as those that show images in which the particles are separated enough to allow adequate particle tracking, whilst still as close to the point of ejection as possible, to prevent as few as possible from dissapearing off of the screen. For this investigation frames, approximately, 1.6-2.4 ms after the start of ejection were chosen across all videos -these were decided upon using trial and error for validation.
The six frames are converted to binary form, leaving only the particles. A Watershed Transform algorithm [16, 17, 18] is then used as part of a method to segment and identify each of the individual particles by recording their centroids (Fig. 3b ). Particle diameters are also determined. The recorded centroid values over a chosen number of frames are then imported into a Matlab based particle-tracking program. This program is able to able to use a combination of the Hungarian Linker [15] and commonly used Nearest Neighbour algorithms to approximate tracks over which any particle has moved during the chosen number of frames, which are plotted and displayed within Matlab, as shown in Fig. 3c .
However, the plotted tracks show many particles appear to change direction very suddenly. Examination of the videos confirms that these tracks are erroneous. These erroneous tracks were eliminated automatically.
To do this, a straight line algorithm was implemented into the program. Looking at each of the tracks individually, point by point, for the first two centroids, the 'x' and 'y' co-ordinates are substituted into 'y = mx +c', and solved as simultaneous equations to give values for 'm' and 'c'. The value for 'c' is then substituted back into the straight line equation for the next centroid, along with its value for 'y' and 'x', so that a value for the gradient 'm' can be calculated. The program can then be edited to allow for a certain variation in gradient which is deemed to be acceptable. This process is repeated for every centroid in the track, and if any do not lie within the gradient varient, then that track is eliminated.
a. Raw frame from high speed camera b. Frame after background subtraction and conversion to binary form with particle centroids identified by red crosses.
c. Tracking of centroids through 6 successive frames.
d. Accepted particle tracks. Fig. 3d shows the accepted tracks, i.e. those that were not eliminated by this process. Once the particles have been tracked, a separate program is then able to read automatically prerecorded coordinates from the first two programs to output calibrated graphical data for the particle sizes, particle velocities and comparisons of the two. The particle sizes are calculated from the measured particle diameters within the images. The particle velocities are calculated using the distance travelled between subsequent frames in the image, knowing that the time taken between each frame from the frame rate (6200fps).
Results
Direct Observations
There are some obervations that can be made from direct observation of the raw videos without any image analysis. The first is that in each case a considerable amount of rearwards melt ejection is observed with particles being ejected over the full range of 180⁰. It was also observed that for the lower powers, time between laser on time and breakthrough was greater than for the higher powers. The presence of a central fast jet of particles is confirmed (Fig. 4 ). This had [3] already been identified in streak photography work from 1995. The higher velocity of the central jet compared to the other particles is clear in Fig. 4 . Our measurements indicate that particles in this fast jet are travelling at over 30 m s -1 , whereas the other particles are moving at approximately 5 m s -1 .
Another observation that appears to be previously unreported, is the presence of exploding particles, as shown in Fig. 5 . The images appear to show single particles instantaneously exploding, without contact, changing the angular speed of the particle. This occurrence is most likely due to a build-up of pressure caused by the outside of the particle cooling down and contracting at a rapid rate squirting out molten material to form new particles. This phenomenon will be responsible for some of the non-straight particle tracks that had to be eliminated from the particle tracking analysis. 
Streak Analysis Results
The streak analysis results are shown in Fig. 6 . It can that for each power used there was a distribution of velocities. The measured velocities range up to 14 m s -1 . Variation in both particle velocity and particle numbers as a function of power can be seen: there appears to be a greater number of particles for lower powers.
Particle Tracking Results
The particle tracking results are shown in Fig. 7 for the same conditions as Fig. 6 . Again velocity distributions are seen for each power. Velocities range up to 20 m s -1 and in each case the majority of particles have velocities of less than 10 m s -1 . Again there is an overall trend of there being a larger number of particles for the lower powers. Here the peak of the distribution becomes less distinct as the power increases. Particle velocity results obtained when a 5 bar assist gas pressure was used are shown in Fig. 8 . The same range of velocities are seen, with average velocities being approximately 8 m s -1 . The number of particles again appears to decrease with increasing power.
Discussion of Velocity Results
Figs. 6&7 enable comparison of the results obtained by the two different velocity measurement techniques for the same conditions. While it is immediately clear that the results are not identical it is also clear that the results are not inconsistent with each other, if the streak analysis results are considered as a subset of the particle tracking results. The larger number of particles analysed in particle tracking has produced smoother distributions which at first glance may be assumed to be more representative. However, it must be noted that all above comments relate to the number of particles analysed, which is not necessarily the same as the number of particles present.
Comparison of Figs. 3c&d highlights how many particles are eliminated from the analysis process in the particle tracking method: the majority of particle analysed are from the edge of the particle cloud. This may be useful in tracking the evolution of the particle cloud envelope but cannot be regarded as giving a properly representative set of results. The omission of the central region of the distribution is largely due to the particles being too closely clustered together. The resultant overlapping makes it difficult to correctly identify, and therefore track, each individual particle. There is a therefore danger of some systematic selfselection in the particle tracking method as it will only work for particles which remain within the field of view for the selected frames. This e 1AQ1AQ2Z`ZQÀQQ2WWW2222WWWW WWWW2WWWWZSWX2ZQ1QQAis true of the central fast jet where the particles are moving so quickly that they disappear from subsequent frames. These particles are estimated to be moving at velocities of approximately 30 ms -1 . Similarly the streak analysis systematically eliminates streaks that do not terminate within the frame, and these are likely to be the longer streaks corresponding to the higher velocity particles.
The smallest particles are also likely to be omitted from the particle tracking analysis. This is not only due to the resolution limit of the camera but also to the thresholding that takes place during the Watershed Transform Function, with particles which are only a few pixels in size being lost.
Overall the streak analysis method typically produce quantified velocities for the majority of particles in the frame whereas particle tracking only does this for 10-30% of the particles detected. 
Particle Size Results
The particle tracking method also produces information on particle sizes. Larger numbers of results are presented as these include particles which were eliminated from the velocity measurement due to erroneous particle path identification.
Figs. 9&10 show the particle size results for a range of powers for both 2 and 5 bar drilling. Particles ranging up to 2 mm were seen. For both assist gas pressures, it is clear that the number of particles produced decreases as power increases, confirming the observations made based on the velocity results. For each power used larger numbers of particles are seen for the higher gas pressure. In each case it is clear that the majority of particles are at the low end of the size range, with diameters of less than 500 µm.
Figs. 11&12 replot the low end of the size distributions in order to reveal them in more detail. This confirms that higher particle numbers are seen for each size range for the higher gas pressure for any given power. The shapes of all the particle size distributions for both assist gas pressures are remarkably similar, with a peak in the range of 100 -200 µm. As power increases the number of particles in each size range decreases. This is seen for both gas pressures. It must be noted that there will still be a systematic removal of the smallest particles due to the thresholding process. This may have resulted in the decreased population of the first bin. This will be investigated in future work by particle size analysis of collected ejecta. 
Further Considerations
The combination of high speed filming and image analysis has great potential. The results presented here can be used as a case study to highlight factors that need to be considered in such work. The two techniques used here both produced useful results, however each technique has its own limitations which need to be understood before proper interpretation of results can be attempted, key aspects of each process are summarised in Table 2 .
Initial examination of high speed videos is required to ensure that sufficient particle separation is achieved. This is a balance between size of field of view and proportion of particles that will be analysed.
The most appropriate technique to use will depend on exactly what results are of interest. A combination of the two techniques of streak analysis and particle tracking can be beneficial.
It should be noted that any camera capable of a sufficiently high frame rate for the particle tracking method will normally also be able to operate at a lower frame rate suitable for streak analysis, allowing both techniques to be carried out on results from the same camera.
The rearward ejection studied in this work is a 3D phenomenon. This work has used a single viewpoint and therefore only considered two components of motion. 3D consideration can be achieved by using multiple view points, or more simply by checking the symmetry of the process.
Particle-tracking programs and their time dependent analysis could also prove very useful for measuring particle velocities. Of course, the accuracy of such measurements is jeopardised by the 2D nature of For streak photography, if the time between frames is long compared to the process being studied then the results can be very sensitive to the frame number used. It is recommended that a sensitivity analysis is carried out by analysing a set of different frames to find the optimum. Can be highly automated Complex process, initial program set-up requires user training
Analyses both particle size and particle velocity, producing correlated data sets When set-up correctly, it is easier to use for a nonexperienced user Potential for particle temperature analysis as a function of intensity (not attempted in this work) Faster frame rate, i.e. more expensive, camera required than for streak analysis Particles can be tracked across numerous frames
Conclusions
High speed filming techniques have been successfully applied to extract quantified information on particle sizes and velocities for rearward melt ejection in the laser drilling of mild steel.
Variation in rearward ejection behaviour was noted as a function of power and assist gas pressure.
A number of ejected particles were noted to explode, splitting in several smaller particles during flight after ejection.
Particles were observed to be ejected with a range of velocities for any giving set of laser drilling parameters. Particle velocities of up to 20 m s -1 were measured, with typical values being approximately 5 m s -1 .
The numbers of particles ejected per hole decreased as laser power increased.
Particles with sizes of up to 2 mm in diameter were observed. In each case considered the majority of particles had diameters less than 500 µm.
The particle tracking method can be completely automated however was only able to analyse approximately 20% of the particles present due to particle clustering.
Limitations of the two processes used have been identified and summarised.
Future Work
The techniques presented here will be applied to a wider range of drilling conditions to extend the study of rearwards melt ejection.
Further exploitation of the data sets generated by particle tracking which correlate co-ordinates, size and velocity is planned.
